Conformational energy calculations were used to predict the three-dimensional structures of enzymesubstrate and enzyme-inhibitor complexes of lysozyme. A global search method, involving the use of a disaccharide fragment molecule, was used initially to determine all favorable binding regions at the active site. It is shown that the binding of a series of (nonfragmented) oligomers of N-acetylglucosamine is highly specific. The results showfurther that (a) theenzyme recognizes only one backbone conformation of the oligomer, corresponding to a left-handed helix, and (b) for saccharides containing two or more N-acetylglucosamine residues, two residues bind preferentially to the C and D sites. The calculations also suggest that the chair form of N-acetylglucosamine can bind to the D region. The saccharide residues of tetra-N-acetylglucosamine bind to the A-B-C-D sites, with the residues at the A-B-C sites having essentially the same conformation and orientation as those in the x-ray structure of tetra-N-acetylglucosamine-6-lactone bound to lysozyme. During the past several years, x-ray crystallographic studies have provided the three-dimensional structures of a number of different enzyme-inhibitor complexes. These studies provide much information about binding sites available to substrates and inhibitors, but only a limited understanding of the specificity of enzymatic reactions. However, additional information about the recognition process is obtainable with the aid of conformational energy calculations (1, 2).
tone bound to lysozyme. During the past several years, x-ray crystallographic studies have provided the three-dimensional structures of a number of different enzyme-inhibitor complexes. These studies provide much information about binding sites available to substrates and inhibitors, but only a limited understanding of the specificity of enzymatic reactions. However, additional information about the recognition process is obtainable with the aid of conformational energy calculations (1, 2) .
A number of conformational energy calculations have been performed on enzyme-substrate complexes (2) (3) (4) . These studies have examined either structures close to the x-ray structure (2, 4) or ones that appeared to look reasonable as starting conformations for energy minimization (3) . In this study of the enzyme-substrate and enzyme-inhibitor complexes of lysozyme, we present a method for thoroughly examining the active site of lysozyme for possible stable binding regions. We then use these regions as starting points for minimization of the conformational energy of enzyme-inhibitor and enzyme-substrate complexes of lysozyme, taking low energy minima (5) In this initial treatment, the enzyme structure (6) is held rigid, but the substrate is allowed to move within the region of the active site and change conformation during energy minimization. In a subsequent treatment (M. R. Pincus, S. S. Zimmerman, and H. A. Scheraga, manuscript in preparation), the conformation of the enzyme will be allowed to change as well. Here, we examine which regions of the active site are available to ligands and what conformations of these ligands can be accommodated therein. Our treatment is equivalent to the assumption of a "lock-and-key" mechanism in which the enzyme has pre-existing structural features that allow for recognition of the substrate.
METHODS
Choice of Enzyme Residues toBe Included in the Calculation. To reduce computation time, only certain residues were included in the calculations. The decision as to which residues were to be included in the search for low-energy binding regions of the rigid enzyme was based on the crystallographic map of the active site (6 Geometry and Energy Parameters. The standard geometry of Arnott and Scott (7) for f sugars was used for the oligomers of N-acetylglucosamine (GlcNAc) in the studies on the binding regions of the active site. However, in energy minimizations involving tetra-N-acetylglucosamine-6-lactone [(GlcNAc)4-lactone] in the active site, use was made of the x-ray structure (8) of this compound, which had been determined by basing the geometry of the GlcNAc residues on the structure of aGlcNAc (9) .
Diamond-refined coordinates of the x-ray structure (6) of lysozyme (obtained from the Brookhaven Data Bank) were used, with hydrogen atoms being generated onto the polar atoms by a method described earlier (3) . Ionizable side chains of residues in the enzyme were treated as neutral.
All CH, CH2, and CH3 groups of the saccharides and of the enzyme were treated as united atoms (5) . The potentials and parameters will be described in detail elsewhere (L. (5)]. All rigid body operations were carried out first by rotating the substrate from its reference position by the angles a, /, and y about the X-, Y-, and Z-axes, respectively (clockwise rotations being defined as positive), and then by translating the reference C2 atom to the desired (X,YZ) position. Regardless of which residue was used to define the substrate reference system, the choice of the atom positions defining this reference system resulted in an initial orientation of the molecules with the nonreducing end (residue 1) higher along the Z-axis than the reducing end.
In the search for low energy regions at the active site using the stripped disaccharide, only the nonbonded (and, where present, hydrogen bonding) energies between the enzyme and the disaccharide were calculated.
We have recently developed a set of "united residue" potentials (M. R. Pincus and H. A. Scheraga, manuscript to be submitted) in which the attractive energies between two residues can be described by a single attractive coefficient, provided that the residues are separated by a sufficient distance. This treatment was used for the interactions of the residues of the substrate with those of the enzyme. Minimization of the Conformational Energies of Inhibitors and Substrates at the Active Site. Using as starting points the values of the rigid body variables (X, Y, Z, a, /, -y) and the internal variables (k and x1) found to give low-energy complexes of the enzyme with the stripped disaccharide, the conformational energy of (GlcNAc)2 (complete molecule) was minimized with respect to both internal and rigid body degrees of freedom. Several combinations of the low energy positions for the side chains of (GlcNAc)2, determined previously (5), were selected for each starting disposition (defined in ref. 3 ) and for each set of values of X andA. In treating the real (GlcNAc)2 molecule, the total conformational energy was calculated, i.e., nonbonded, electrostatic, hydrogen-bonding, and torsional energies (1). The total conformational energy of the enzyme-substrate complex, ECom, was calculated as Eoor,= Esub + Ein [1] in which Esub is the conformational energy of the substrate or inhibitor, and Eint is the total energy of interaction between the active site of the enzyme and the substrate or inhibitor.
As in the case of the stripped disaccharide, united atom potentials (L. G. Dunfield, A. W. Burgess, and H. A. Scheraga, manuscript to be submitted) were used for all nonpolar carbon atoms. In addition, united residue potentials (M. R. Pincus and H. A. Scheraga, manuscript to be submitted) were used for the interaction of each sugar residue with each residue of the enzyme provided that the two residues were separated at or beyond a critical distance.
Minimization of the conformational energy of (GIcNAc)3 at the active site was started by adding a GIcNAc residue, in the left-handed helical conformation, to either end of a minimum-energy structure of (GlcNAc)2 (see Results and Discussion). The low energy conformations of the stripped disaccharide were also used for the (GIcNAc)2 molecule, in generating initial conformations of (GlcNAc)3. Minimization of the total conformational energy was performed as described for (GIcNAc)2.
The energy minima for (GIcNAc)4 at the active site were determined by adding a residue (in a left-handed helical conformation) to either end of (GlcNAc)3 in each of its lowest energy conformations. Extra Stripped disaccharide-lysozyme structures having energies within 7 kcal/mol (29 kJ/mol) of the lowest energy structure were selected as starting points for minimization of the total conformational energy of (GlcNAc)2.
The lowest energy dispositions of the full dimer (upon minimization) were found to be in the active site in regions below the A site, the most stable of which corresponded roughly to the C and D sites, as defined in ref. 6 . In addition, most of the lowest energy structures had inter-ring dihedral angles of 0k-700, { -1100 (left-handed helix) regardless of the choice of conformations for the side chains. The minimized rigid body variables and inter-ring dihedral angles for the two lowest energy dimer conformations are listed in Table 1 (conformers 1  and 2 ). These calculated results agree qualitatively with the experimental results of Beddell et al. (10) , who showed that the dimer N-acetylglucosaminyl-3-D-glucose binds to regions corresponding roughly to the C and D sites of the enzyme. The low energy conformations for (GIcNAc)2, as well as the low energy binding regions for the stripped dimer, were chosen as the starting points for energy minimization of (GlcNAc)3. The third or added residue was placed so that the dihedral angles between it and the adjoining residue were in the lefthanded helical region (,t -700, /t; 1100). This backbone conformation was chosen because it gave the lowest energy minima for (GlcNAc)2. The values of the rigid body variables and dihedral angles for the lowest energy structure of (GlcNAc)3 are listed in Table 1 (conformer 3) .
To examine the x-ray structure of the complex of lysozyme with (GIcNAc)3 (8) more closely, and to compare it with our calculated results, the x-ray coordinates of (GlcNAc)3 (8) were rotated into our reference frame and the rigid body variables (as well as the dihedral angles) were determined (conformer 4 in Table 1 ). These initial values were then used as another starting conformation for energy minimization (using standard geometry) of (GlcNAc)3 at the active site. The resulting structure, conformer 5 The disposition of residue 1 of our lowest energy trimer structure, conformer 3 in Table 1 , and that of residue 2 of the energy-minimized x-ray structure, conformer 5 in Table 1 , are quite similar [compare rigid body variables for conformers 3 (with residue 1 as the reference) and 5 in Table 1 ]. The interring dihedral angles and 4, between residues 1 and 2 (occupying sites B and C, respectively, as shown for conformer 3 of Table 1 ) of our structure and between residues 2 and 3 (occupying sites B and C, respectively, in conformer 5 of Table 1 ) of the energy-minimized x-ray structure are quite similar also. Thus, residues binding to sites B and C in our structure bind in a manner quite similar to that found experimentally. The difference between our calculated structure and the x-ray structure (6, 11, 12) (2, 4) .
Using the lowest energy forms of (GlcNAc)3 at the active site one can build up structures of (GlcNAc)4 in a manner similar to that described for (GlcNAc)3. If another residue is added to the nonreducing end and the energy of the complex is minimized, a structure (conform-er 6 of Table 1 ) is obtained whose disposition is almost identical to that of the energy-minimized x-ray structure, conformer 5 of Table 1 . Energy minimization of the tetramer hardly changes the positions of the residues in sites B, C, and D while the position of the first residue in site A was minimized to a position almost identical to that of the first residue in the A site of the energy-minimized x-ray structure of the trimer. The calculated conformation of the tetramer at the active site is shown in Fig. IA . It is observed that the fourth residue (in particular its Ci atom) is in close proximity to the side chain of Asp 52. In the postulated mechanism of action of the enzyme, a carbonium ion at Ci is thought to be stabilized by a carboxylate anion contributed by Asp 52 (2) . As in the case of the lowest energy conformation of (GlcNAc)s, the lowest energy form of (GlcNAc)4 shown in Fig. IA , also binds well around the D region.
it is possible that, if the saccharide residue at the D site of the tetramer could exist in the sofa form, it could bind with even greater affinity to the D site of the enzyme. Since there is no standard half-chair geometry for sugar rings, we minimized the conformational energy of the proposed x-ray structure for the (GlcNAc)4-lactone-lysozyme complex (8) . The fourth residue of (GlcNAc)4-lactone is a lactone that exists in a "sofa" conformation, somewhat similar to a half-chair form (8) .
Conformer 7 of Table 1 is the x-ray structure of (GlcNAc)4-lactone (in our reference frame) and is shown in Fig.  1C . Conformer 8 of The final binding energy (Eint) of the minimized structure of (GlcNAc)4-lactone is somewhat higher than that of minimized (GlcNAc)4. Part of this difference in energy may be due to the difference in the geometry of the two tetrasaccharides, as can be seen from the following. The geometry of the first three residues of (GlcNAc)4-lactone was based on that of a-GlcNAc (8, 9) even though all GlcNAc residues for substrates and inhibitors are in the d-form, a significantly different geometry from the a-form (7). It should be noted that, when the standard d-geometries were used here for energy minimization of (GlcNAc)3 in the x-ray disposition and conformation, there was a smaller change in the values of the variables after minimization (compare conformers 4 and 5, Table 1 ) than when ageometries were used for (GlcNAc)4-lactone (compare conformers 7 and 8, Table 1 ).
A number of unfavorable contacts occur in the x-ray structure of (GlcNAc)4-lactone. In particular, close contacts occur (see Fig. 1C ) between the aromatic ring of Trp 63 and the CH2 of residue 2 of (GlcNAc)4-lactone, between the aromatic ring of Trp 108 and the methyl group of residue 3 of (GlcNAc)4-lactone, and between the carboxyl group of Asp 52 and the ring oxygen and Ci of residue 4 of (GIcNAc)4-lactone (the residue in the lactone form). A number of less unfavorable contacts also occur between the generated hydrogen atoms of the enzyme and ligand. It is apparently necessary to effect relatively large changes in disposition to relieve them. It is possible that, if we were to use the fl-sugar geometries for the first three residues combined with the 6-lactone geometry for the last residue, at least some of these unfavorable contacts would not exist. It is also possible that the side chains of the active site move to accommodate the sofa form of the D ring. Further, the state of protonation of certain residues, especially Glu 35, is quite important in determining the affinity of (GlcNAc)4-lactone for the enzyme (8) . The binding of (GlcNAc)4-lactone to the enzyme at pH 2.6, the pH at which the complex was crystallized, is over 10 times lower than at pH 4.7, and its affinity at this low pH is similar to that of (GlcNAc)4 (8) . We are currently investigating all of these possibilities. Using the current x-ray structure of the enzyme (held rigid, here), however, it appears that the D site has no special affinity for the sofa form.
As will be demonstrated in a later paper, (M. R. Pincus, S. S. Zimmerman, and H. A. Scheraga, manuscript in preparation), there are other low energy positions, corresponding to the E and F sites, which have a lower affinity for GlcNAc residues than do sites B-D.
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